We have investigated the momentum balance between the two electrons from strong field double ionization of argon at 780 nm and 1:9 10 14 W=cm 2 . Experimental data show that perpendicular to the laser polarization direction the electrons emerge preferentially in opposite directions. Results of model calculations are found to agree well with the data and reveal a dominant role of the Coulomb correlation between the two outgoing electrons in this kinematical geometry. Differences between the experimental observations and the theoretical results for the ion momentum distribution indicate the importance of the further effects during the three-body breakup. DOI: 10.1103/PhysRevLett.91.123004 PACS numbers: 32.80.Rm, 31.90.+s, 32.80.Fb, 32.80.Wr The correlated motion of three-body Coulomb systems provides a major theoretical challenge in quantum mechanics and has far-reaching practical importance in many fields of physics and chemistry. One of the prominent processes, in which such correlated motion can be studied, is the double ejection of electrons from an atom in a strong laser field. Here, the basic three-body problem is closely interrelated with the highly nonlinear electronfield interaction. Two central questions in strong field double ionization are as follows: What is the mechanism by which the intense-field sets both electrons free, and what is the quantum dynamics of the particles in the light field once they are in the continuum?
The correlated motion of three-body Coulomb systems provides a major theoretical challenge in quantum mechanics and has far-reaching practical importance in many fields of physics and chemistry. One of the prominent processes, in which such correlated motion can be studied, is the double ejection of electrons from an atom in a strong laser field. Here, the basic three-body problem is closely interrelated with the highly nonlinear electronfield interaction. Two central questions in strong field double ionization are as follows: What is the mechanism by which the intense-field sets both electrons free, and what is the quantum dynamics of the particles in the light field once they are in the continuum?
A widely accepted consensus today (see [1, 2] for reviews) is that the rescattering process [3, 4] provides the basic mechanism for double ionization at intermediate intensities (< 5 10 14 W=cm 2 for Ar). It has been shown [5] that the rescattering mechanism corresponds to the leading Feynman diagram of a systematic quantum mechanical S-matrix analysis of strong field double ionization in the semiclassical limit. In this picture, the first electron is ionized by the field, accumulates energy during about half a laser circle, and is driven back to its parent ion where it assists with its energy in setting the second electron free. In particular, the later step of electron impact ionization in the presence of a strong field bares many open questions. How does the electron exchange its energy and its momentum with the ion and the second electron to be emitted? What is the role of the field in this process? How do the Coulomb interactions influence the dynamics of the two emerging electrons? These questions can be addressed by investigating the final-state momenta of the two electrons.
Experimental and theoretical studies on the electron and the recoiling ion momenta have mostly concentrated on the momentum components of the electrons and the ion in the polarization direction of the field [2] . These momenta are found to be dominated by the interaction of the particles with the strong external field after the electron impact ionization. The data can therefore be used to obtain information on the time evolution of the ionization process with subfemtosecond time resolution. A double peak structure in the parallel component of the ion momentum [6, 7] gave direct evidence for the time delay introduced by the rescattering process. Further, both electrons have been found to be emitted predominantly to the same half sphere with similar parallel momenta [8] . This indicates that often both electrons are set free with small momentum close to the zero crossing of the oscillating field. In this case they both accumulate the same high parallel drift momentum [9] [10] [11] [12] .
In this Letter, we present a joint experimental and theoretical study of the widely unexplored momentum balance in the direction perpendicular to the laser field. The virtue of this new perspective on the process is that the perpendicular momenta are solely a product of the three-body interaction and not of the laser field. Thus, the subtleties of momentum exchange in the recollision process should not be covered by the much larger momentum transfer taken from the field. We illuminate the process by confronting our experimental findings of a preferred back-to-back emission of the electrons with the results of model calculations, in which the field-assisted electron recollision as well as the final-state electron-electron interaction are taken into account.
We have used the COLTRIMS technique [13] to measure in coincidence the momentum of one of the electrons and the charge state and momentum vector of the ion. The Ti:sapphire laser system produces 3 J pulses of 40 fs at 30 kHz. The pulse is focused by a 5 cm focal length parabolic mirror into a precooled supersonic argon gas jet. The ions and electrons are guided by a parallel electric (3:1 V=cm) and magnetic (8.7 G) field onto two position sensitive channel plate detectors. The direction of polarization is chosen parallel to the gas jet. Because of the internal momentum spread of the argon atoms in the direction of the gas jet, we could not measure the ion momentum component parallel to the polarization.
We have chosen a coordinate system where the laser polarization defines the z direction, and the momentum component of electron a perpendicular to the polarization defines the y direction. Note that the x and y direction of are not fixed in the laboratory. In the laboratory frame, the electron and the ion momentum distributions are rotational symmetric around the polarization axis allowing for a precise determination of the midpoint (zero momentum). . Note that all momenta are given Hartree atomic units [15] . By our definition of the coordinates, we have k Clearly, the electrons a and b are emitted preferentially to opposite sides. We expect that this back-to-back emission indicates a strong interaction among the electrons after their double escape.
In order to elucidate the role of the final-state electronelectron interaction, we have analyzed the diagram shown in Fig. 2 , in which time progresses from bottom to top. Initially, the electrons are in the ground state of the Ar atom, unperturbed of the field. At the first vertex, the laser field couples to one electron, say (1). This electron propagates in the laser field while electron (2) goes into ionic states of the Ar ion; the intermediate state is therefore described by a product Green's function of the Volkov states, fkg, and the field-free ionic states, fjg. The two electrons then interact via the electron correlation interaction at the second vertex. This step treats electronelectron scattering in the full presence of the laser field; thus, momentum and energy can be exchanged between the electrons, and additional energy can be coupled from the field to the three-body system. Finally, the two electrons are propagated together as a pair of Coulomb interacting particles in the presence of the external field; the corresponding final-state wave function is a product of Volkov states and a Coulomb correlation function [16] .
The diagram is an ad hoc extension of the leading Feynman diagram of an intense-field many-body S-matrix analysis of the double ionization process [11, 17] . It includes inelastic scattering of the first electron with the second on the way out of the atom as well as on its return. At large intensities and wavelengths, the diagram may be estimated semiclassically and significant contributions can arise from the return event, which provides [5] the theoretical connection to the classical rescattering model [3] . Compared to the former S-matrix studies, in the model diagram the final-state wave function including the electron correlation interaction is introduced in an ad hoc way.
The diagram can be evaluated following the same steps as in earlier calculations [11, 17] and the differential rate of nonsequential double ionization due to absorption of N photons and emission of electrons with momenta k a and k b is given by (Hartree atomic units are used, h e m 1):
with [18] . E 0 and E j are the ground-state binding energy of Ar and the binding energy of the intermediate Ar state, respectively. Contributions to the differential rate arising due to the z components of the angular momentum in the atomic and ionic wave functions are averaged. J N x; y is the generalized Bessel function of two arguments, and U p I=4! 2 and 0 I p =! denote the quiver energy and radius of a free electron in a laser field of intensity I, and frequency !, respectively. V C 1=r 12 is the electron-electron correlation interaction, and 12 1=2k ab , k ab k a ÿ k b =2, and r 12 r 1 ÿ r 2 . We have restricted the radial integration in k to the on-shell contributions and the sum over j to the lowest ionic bound state.
Electron momentum distributions are obtained for an identical kinematical geometry and the same laser peak intensity and wavelength as in the experiment. The results for the electron momentum distribution, shown in Fig. 1(b) are found to be in very good agreement with the observations [ Fig. 1(a) ].
Does the back-to-back emission characteristic indicate a strong interelectron correlation among the outgoing electrons? To answer this question, in a second calculation we have deliberately neglected the final-state electron-electron interaction, which is done by setting 12 0 in Eq. (2) . A comparison of the results of this calculation [ Fig. 1(c) ] with the results of the full calculation [ Fig. 1(b) ] shows that the significant back-to-back characteristics are lost, if the electron-electron repulsion in the final state is removed. This reveals that the back-toback emission does result from the final-state repulsion and not from the vertex V C .
We have further studied the momentum distribution of electron b, when the perpendicular momentum of electron a was fixed to a certain interval. The overall agreement between experiment [ Figs. 3(a) -3(c) ] and theory [ Figs. 3(d) -3(f) ] is good. It is found that for small transverse momenta a symmetric distribution of the two momenta with respect to the laser polarization direction seems to dominate [ Figs. 3(a) and 3(d) ], while the distribution gets more and more asymmetric as the transverse momentum of electron a is larger.
In the present process, the trajectories of the electrons are influenced by the ion also. This is readily seen from the experimental results for the direction of the recoiling doubly charged ion, presented in Fig. 4(a) . They show some back-to-back correlation to the emission of electron a also. The experimental data for the ion momentum distribution can be compared with theoretical results for the distribution of the sum momentum of the two electrons, ÿk a k b , since under the condition of the experiment the Ar 2 momentum, k ion , satisfies k ion ÿk a k b . The back-to-back correlation is not reproduced within the present model calculations, as can be seen from the results in Fig. 4(b) . The disagreement may indicate the role of further effects, which are not included in the model. In particular, the interaction between the Volkov electron and the ionic core in the intermediate state [19] , and the two electrons and the ionic core in the final-state, might be essential. A scattering of the returning electron at the ionic core would lead to back-to-back momenta of electron and ion in the final state as seen in the data. A second effect not included in the calculation is a collisional excitation of the ion followed by field ionization [20] .
In conclusion, we have presented a joint experimental and theoretical study of the transverse momentum exchange in strong field double ionization of Ar. Results of model calculations for the electron momentum distributions are found to be in very good agreement with the experimental observations. Our analysis has shown that a significant back-to-back emission of the two electrons in the plane perpendicular to the laser polarization direction is a signature of the strong electron repulsion in the final state after both electrons are in the continuum. A disagreement between experimental and theoretical results for the ion momentum might be due to electron-ion collision or collisional excitation processes, which are not included in the present theoretical model.
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Note added.-We note that in the meantime the role of the Coulomb correlation in the final state on the momentum components of the electrons parallel to the polarization direction of the field has been studied independently [21] . 
